In vertebrates, each vertebra along the anteroposterior axis has a characteristic structure. It has recently been shown that several transcription factors and cell signaling molecules expressed in the primitive streak ectoderm and/or the tailbud play essential roles in establishing the correct anteroposterior speci®cation of vertebrae during mouse development. Here, we report that Wnt-3a mutants exhibit homeotic transformations in the vertebrae along their entire body axis. In addition, reduced expression of cdx-1, the mutation of which results in an anterior transformation, as occurs in Wnt-3a mutants, was observed in the primitive streak and tail bud region of Wnt-3a mutant embryos. These results indicate that Wnt-3a is necessary for correct anteroposterior patterning of vertebra, and that cdx-1 may be one of the mediator genes of Wnt-3a signaling in this process. q
Introduction
In vertebrates, the vertebral column displays a metameric organization, and each vertebra has a characteristic structure according to its position in the anteroposterior axis. Vertebrae originate from undifferentiated cells in the primitive streak ectoderm and the tailbud. These cells form the somites, segmentally repeated units in the paraxial mesoderm. The ventral part of the somite, the sclerotome, gives rise to most of the axial skeleton.
Several lines of evidence suggest that anteroposterior speci®cation of the somitic mesodermal cells is established before they form the somite, likely during gastrulation. Grafting experiments in the chick embryo have demonstrated that presumptive vertebral cells acquire speci®city along their anteroposterior axis before somite formation (Kieney et al., 1972) . In addition, it appears that several transcription factors, including Cdx-1 (Meyer and Gruss, 1993) and Cdx-2 (Beck et al., 1995) , and cell signaling molecules, including Gdf-11 (McPherron et al., 1999) , FGF receptor-1 (FGFR1) (Yamaguchi et al., 1992) , and activin receptor IIB (ActRIIB) (Manova et al., 1995) , expressed in the primitive streak ectoderm and/or the tailbud play essential roles in establishing the correct anteroposterior speci®cation of the vertebrae during mouse development (Subramanian et al., 1995; Chawengsaksophak et al., 1997; McPherron et al., 1999; Partanen et al., 1998; Oh and Li, 1997) . However, our understanding of the genetic control over the speci®cation of somites along the anteroposterior axis is far from complete.
At least 16 members of the Wnt family of genes that encode cysteine-rich secreted proteins are present in vertebrates. Some of these genes has been shown to be expressed and to play important roles during gastrulation. In particular, Wnt-3 is essential for mesoderm formation in the mouse embryo (Liu et al., 1999) . In the zebra®sh embryo, Wnt-11, which is expressed in the blastoderm margin at the late blastula stage (Makita et al., 1998) , is required for correct convergent extension movements during gastrulation (Heisenberg et al., 2000) . Wnt-3a, another member of the Wnt family of genes (Roelink and Nusse, 1991) , is expressed in the primitive streak ectoderm during gastrulation and in the tailbud during the later stages of mouse development (Takada et al., 1994) . Wnt-3a homozygous null mutants neo/neo ) lack somites posterior to the forelimb, and as a consequence, have only the anteriormost 7±9 somites (Takada et al., 1994) . Instead of posterior paraxial mesoderm, these mutant mice have an ectopic neural tube, suggesting that Wnt-3a is necessary for the cell fate decision between neural and para-xial mesoderm (Yoshikawa et al., 1997) . Moreover, it was previously demonstrated that Brachyury (T ) is a direct target of Wnt-3a in the anterior primitive streak ectoderm, which is fated to give rise to the paraxial mesoderm, suggesting that Wnt-3a modulates a balance between the cell fate of mesodermal and neural cells via Brachyury (Yamaguchi et al., 1999) . Wnt-3a is also believed to be necessary for the survival of cells in the tailbud, given that massive cell death occurs in a mouse strain homozygous for a hypomorphic allele of Wnt-3a, vestigial tail (Wnt-3a vt/vt ) (Shum et al., 1999) . In what may be a related ®nding, it was suggested that increasing levels of Wnt-3a activity are necessary for the development of more posterior somites based on the analysis of Wnt3a vt/vt , Wnt-3a vt/neo and Wnt-3a neo/neo mice (Greco et al., 1996) . Thus, Wnt-3a appears to play various roles in the developmental events that occur in the primitive streak ectoderm and the tailbud.
The present study focused on the relationship between Wnt signaling and speci®cation of the vertebrae according to its position in the anteroposterior axis. We observed defects in the vertebrae throughout the entire body axis in Wnt-3a mutant embryos. We also showed that cdx-1, which is also necessary for the correct anteroposterior patterning of vertebrae in the cervical region, was downregulated in the primitive streak ectoderm and tail bud in Wnt-3a mutants. These data indicate that Wnt-3a is essential for the correct anteroposterior speci®cation of the vertebrae, likely in part through the activation of cdx-1.
Results

Wnt-3a mutants displayed homeotic transformations in vertebrae
Although the majority of Wnt-3a neo/neo embryos died around 10.5 days post coitum (dpc), as previously described (Takada et al., 1994) , some survived until just before birth. At 18.5 dpc, Wnt-3a neo/neo embryos displayed a hunchbacked defect and a truncation caudal to the forelimb level (Fig.  1b) . To examine these morphological defects, we analyzed the skeletal phenotype of the Wnt-3a neo/neo embryo. We observed that cervical vertebra 2 (axis, C2) was fused to cervical vertebra 1 (atlas, C1) at their dorsal region, and that C2 had the anterior arcus atlantis (aaa), which is normally formed in the ventral part of C1 (Figs. 1c and 2 and Table 1 ). This suggested that C2 partially exhibited the characteristics of C1. Since the posterior cervical vertebrae showed dismorphology, we were unable to characterize the identities of these vertebrae in the Wnt-3a neo/neo embryos examined (Fig. 1c) .
To determine whether or not the C2 to C1 homeotic transformation observed here was a consequence of dismorphology of the posterior cervical vertebrae, we next analyzed the skeletal phenotype of Wnt-3a vt/vt embryos, which do not show dismorphology in that region. Although skeletal analysis of the posterior vertebrae has been carried out for Wnt-3a vt/vt mice (Greco et al., 1996) , it has not been determined whether this mutant displays skeletal defects in the cervical to the midthoracic region. Our skeletal analysis of Wnt-3a vt/vt mice also revealed that a C2 to C1 transformation was exhibited in some of the Wnt-3a vt/vt mice (Figs. 1c and 3 and Table 1 ), indicating that the C2 to C1 homeotic transformation was due to a decreased level of Wnt-3a expression.
Posterior homeotic transformation from the midthoracic to lumbar region and anterior homeotic transformation in the posterior sacral region were also observed in the vertebrae of Wnt-3a vt/vt mice. In particular, we detected posterior transformation of the thoracic vertebra T9 into T10, T13 into the lumbar vertebra L1, and L6 into the sacral vertebra S1, and anterior transformation of S4 into S3 in Wnt-3a vt/vt mice (Figs. 1d,e and 3 and Table 1 ). These results clearly indicate that Wnt-3a signaling is necessary for the correct speci®cation of vertebrae along the anteroposterior axis.
Expression of Hox genes in the somite was shifted in Wnt-3a mutants
In addition to the skeletal analysis, we also examined defects in the Wnt-3a mutants along the anteroposterior axis in terms of the expression patterns of Hox genes. Consistent with the C2 to C1 anteriorization in the vertebrae, the level of Hoxd3 and Hoxb4 expression in the ®fth somites were reduced in Wnt-3a neo/neo and Wnt-3a
vt/vt embryos at 9.5 dpc ( . Consistent with the anteriorization in the posterior sacral region, Hoxd13 expression in the somites was missing at 10.5 dpc (Fig. 4e,f) . However, no obvious changes were detected in the somitic expression of other Hox genes, i.e. Hoxd4, Hoxc6, Hoxc9, Hoxd9, and Hoxd11 that we used as markers for cervical, anterior thoracic, posterior thoracic, lumbar, and sacral regions, respectively (Fig. 4c,d and data not shown). This was likely due to the fact that the anterior limits of Hox gene expression were unclear in embryos hybridized with these probes.
Expression of Hox genes in the neural tube was normal in Wnt-3a mutants
Since Wnt-3a reportedly shows posteriorizing activity in the neural development of Xenopus embryos (McGrew et al., 1995) , we also examined the expression of the Hox genes described above in the neural tube of Wnt-3a mutants. However, none of the expression patterns of Hox genes examined were altered in the neural tube of the Wnt-3a mutants (Fig. 4c,d and data not shown), indicating that Wnt-3a is not necessary for normal anteroposterior patterning in the neural tube of the trunk in these mice.
2.4.
The level of cdx-1 expression was reduced in the primitive streak and in the tailbud region in Wnt-3a mutant embryos
To clarify the molecular mechanism directing the anteroposterior patterning of somites and vertebrae, it is important to characterize molecular interactions between Wnt-3a and other genes previously shown to be necessary for this process. In the absence of one of these genes, cdx-1, mice exhibited an anterior homeotic transformation of the axial skeleton only from the cervical to midthoracic region (Subramanian et al., 1995) . The anterior transformation observed in the cdx-1 mutant appeared to overlap with that in Wnt-3a mutants at the cervical level. In addition, cdx-1 is expressed in an overlapping manner with Wnt-3a in the primitive streak region and later in the tail bud (Meyer and Gruss, 1993; Takada et al., 1994) , suggesting a possible interaction between these genes.
Thus, we analyzed cdx-1 expression in Wnt-3a mutant embryos by in situ hybridization. Cdx-1 is ®rst expressed at 7.5 dpc in the primitive streak ectoderm in the mouse embryo. At 8.5 dpc, it is expressed in posterior somites and in the primitive streak ectoderm, and later, expression extends anteriorly along the entire embryo to the anterior limit within the presumptive posterior hindbrain (Meyer and , the T13 vertebra, which normally has ribs on both sides, did not have a rib on the right side (partially transformed to L1) and the 6th lumbar vertebra fused with the transverse processes to form sacral bone (L6 to S1 transformation). Black arrow indicates a rudimentary rib. White arrow indicates alteration of the morphology of the left side of S4 (partially transformed to S3). C2 3 C1 0 (0%) 3 (19%) 6 (32%) 0 (0%) 6 (100%) T9 3 T10 0 (0%) 1 (6.3%) 7 (37%) 0 (0%) NA T13 3 L1 0 (0%) 1 (6.3%) 10 (53%) 0 (0%) NA L6 3 S1 2 (11%) 10 (63%) 17 (89%) 6 (43%) NA S4 3 S3 3 (16%) 2 (13%) 6 (32%) 10 (71%) NA a NA, not available. Gruss, 1993) . Cells that contribute to the C1 vertebra originate from cells within the primitive streak region of the early somite stages embryo. Thus, we ®rst examined cdx-1 expression in Wnt-3a neo/neo embryos at these stages and showed that the level of cdx-1 expression around the primitive streak ectoderm was also decreased at both 2-somite and 7-somite stages (Fig. 5a±e) . In addition, in Wnt-3a vt/vt embryos, the level of cdx-1 expression was decreased in the primitive streak ectoderm at 8.5 dpc and in the tailbud at 9.5 dpc, whereas it seemed to be unaffected in all other regions ( Fig. 5f±h and data not shown) . Given that structural abnormalities were observed only after the 8±10 somite stage in Wnt-3a neo/neo (Yoshikawa et al., 1997) and after 10.5 dpc in Wnt-3a vt/vt (Greco et al., 1996) , it is unlikely that such downregulation of cdx-1 expression was caused by the morphological defect. In addition, the expression of other genes, including cdx-2 and another caudal-type homeobox gene, cdx-4 (Gamer and Wright 1993), was normal in Wnt-3a neo/neo embryos at 8.5 dpc and in Wnt3a vt/vt embryos at 8.5 and 9.5 dpc (data not shown). Thus, the level of cdx-1 expression appeared to be speci®cally reduced in the primitive streak and the tailbud, at a point when cells in these regions produce somitic mesodermal cells.
Discussion
Only a small number of genes have been shown to be involved in the formation of the anteroposterior patterning of somites in the developing vertebrate body, and thus the molecular mechanisms that regulate this developmental process have not been well characterized. In this paper, we demonstrated that Wnt-3a is necessary for the correct anteroposterior patterning of the vertebrae. In addition, we found evidence that this effect is mediated by Cdx-1 in cells that give rise to the cervical vertebrae.
Is cdx-1 a target gene of Wnt-3a signaling?
Previous studies have found that cdx-1 expression is stimulated by Wnt signaling through Tcf binding sites in cultured cells, and further that LEF1/b-catenin complexes bind to a cdx-1 promoter fragment directly in vitro (Lickert et al., 2000; and M.I. and S.T., unpublished data) . These ®ndings suggest that cdx-1 is likely a direct target of Wnt signaling. Thus, Wnt signaling is capable of stimulating transcription of the cdx-1 gene at least in cultured cells. In normal mouse development, cdx-1 expression partly, but not completely, overlaps with that of Wnt-3a. In the primitive streak ectoderm and the tailbud regions, most Wnt-3a- vt/vt embryos. However, Hoxd13 expression in somites (arrows in e) was absent in Wnt-3a vt/vt embryos (f), although the expression was not altered in the lateral plate mesoderm (asterisk in e,f). FL, forelimb; HL, hindlimb; TB, tailbud.
expressing cells also express cdx-1. Furthermore, in Wnt-3a null mutant embryos, Wnt-3a neo/neo , as well as in a hypomorphic mutant, Wnt-3a vt/vt , the level of cdx-1 gene expression is reduced speci®cally in the primitive streak ectoderm and the tailbud, where Wnt-3a is normally expressed, indicating that Wnt-3a is in fact necessary for cdx-1 expression in these regions during normal development. In addition to its action in early development, Wnt signaling is also necessary for Cdx-1 expression in the development of the small intestine (Lickert et al., 2000) , indicating that this signaling regulates several different aspects of the developmental process by activating the same gene.
How does Wnt-3a signaling regulate the patterning of posterior somites?
In addition to the anterior transformation at the cervical level, Wnt-3a mutants exhibited posterior homeotic transformation from the midthoracic to lumbar regions and another anterior transformation in the posterior sacral region. Although cdx-1 expression was down-regulated in the Wnt-3a mutant embryos likely during the period when somites were formed, the phenotypes of cdx-1 and Wnt-3a mutants were not completely identical. Defects in the cdx-1 mutant were observed only in the cervical vertebra, despite the fact that this gene is also expressed at the tailbud stage when posterior somites are formed. This suggests that Cdx-1 is capable of regulating anteroposterior patterning of somites speci®cally at the cervical level, or alternatively, some other gene may compensate for the loss of Cdx-1 in the posterior region. In contrast, defects in the Wnt-3a mutant were observed not only in the cervical vertebrae, but also in the thoracic, lumbar, and sacral vertebrae. Therefore, it seems possible that Wnt-3a may regulate not only cdx-1 expression, but other mediator gene expression regulating anteroposterior patterning of somites posterior to the midthoracic level.
The posterior mediator has not been identi®ed at present. Possible candidate genes include two other cdx genes, namely cdx-2 and cdx-4, given that genetic analysis has demonstrated that these two genes are involved in correct patterning along the anteroposterior axis (Chawengsaksophak et al., 1997; Charite et al., 1998) and are expressed in the primitive streak ectoderm and the tailbud, where they overlap with Wnt-3a expression (Beck et al., 1995; Gamer and Wright, 1993) . However, we did not detect any difference in the expression of these genes between wild type and Wnt-3a mutant embryos, suggesting that cdx-2 and cdx-4 are not downstream targets of Wnt-3a signaling. Identi®ca-tion and characterization of these genes would reveal how Wnt-3a regulates anteroposterior patterning of the vertebrae all along the trunk.
Molecular mechanism directing the correct patterning of somites along the anteroposterior axis
To date, several cell signaling molecules and transcription factors have been demonstrated to play essential roles in establishing the correct patterning of somites along the anteroposterior axis. In addition to cdx-1 and cdx-2 described above, gene disruption experiments have indicated that Fgfr1, Gdf-11, and ActRIIB are necessary for this process. A series of hypomorphic mutations of Fgfr1 resulted in anterior transformation of the vertebrae, whereas a mutation in the autophosphorylation site of this gene led to the opposite transformation, suggesting a role for FGFR1 in patterning of the embryonic anteroposterior axis of somites. However, no signi®cant change in cdx-1 mRNA expression level was seen in the Fgfr1 mutant embryos (Partanen et al., 1998) . Thus, FGF signaling likely regulates anteroposterior patterning via a different mechanism than does Wnt-3a signaling. Gene disruption studies have also found that the loss of the ActRIIB, which encodes one of the components of a receptor for members of the TGF-b family of genes, resulted in anterior homeotic transformation in somites (Oh and Li, 1997) . In addition, in the absence of Gdf-11, one member of the TGF-b family, anterior transformation is also observed, suggesting that the activin receptor IIB may act as a receptor for Gdf-11 in the anteroposterior patterning of somites (McPherron et al., 1999) . It is not yet certain whether cdx-1 expression is affected by the loss of these genes. However, it was demonstrated recently that a cytosolic mediator of TGF-b signaling, Smad4, forms a complex with Tcf, a mediator of Wnt signaling, and synergistically activates a downstream target gene.. This interaction suggests cross-talk between TGF-b and Wnt signaling (Nishita et al., 2000) . Thus, the possibility exists that TGF-b and Wnt signaling cooperatively regulate anteroposterior patterning of somites by regulating the expression of common target genes.
In the Wnt-3a mutant embryos, the expression of some Hox genes was also affected. One possible explanation as to how Hox gene expression could be regulated by Wnt-3a signaling is that Cdx-1, the expression of which was activated by Wnt-3a signaling, directed the expression of Hox genes. Cdx-1 binding sites are located in the¯anking sequences around a number of mouse and human Hox genes, and Cdx-1 induced the expression of one member of the Hox gene family, Hoxa7, in teratocarcinoma cells (Subramanian et al., 1995) . In addition, the expression pattern of several Hox genes, including Hoxd3, is altered in cdx-1 mutant embryos (Meyer and Gruss, 1993) . Thus, it is possible that Wnt-3a signaling regulates the correct expression of several Hox genes through Cdx-1 in the mouse embryo.
It has been demonstrated that the identity of each somite along the anteroposterior axis is speci®ed before paraxial mesodermal cells develop into a somite sphere (Kieney et al., 1972) . Given that WNT-3A proteins are secreted from the primitive streak ectoderm and the tailbud, they may direct speci®cation of the anteroposterior identity of presumptive somitic cells around the primitive streak ectoderm and tailbud. Since most Hox genes are ®rst expressed in the primitive streak ectoderm and tailbud in the process of somite development, Wnt-3a signaling may direct the speci®cation of somite precursor cells by regulating induction or maintenance of the expression of these Hox genes. To clarify our understanding of the molecular mechanism of anteroposterior patterning of somites, it will be important to determine how the identity of the presumptive somitic cells is established by signals to which these cells are exposed.
Experimental procedures
Mice
Generation of mice heterozygous for null alleles of Wnt3a was described previously (Yoshikawa et al., 1997) . Genotypes were con®rmed by PCR. Vestigial tail (Wnt3a vt/vt ) mutant mice were purchased from the Jackson Laboratory.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was carried out according to the technique described previously (Yoshikawa et al., 1997; Wilkinson, 1992) , using the probes indicated. Cdx-1 probe was kindly provided by Dr P. Gruss, cdx-2 probe by Dr M. Taketo (Tamai et al., 1999) , cdx-4 probe by Dr C.V. Wright, Hoxb4 probe by Dr R. Krumlauf, Hoxd4, Hoxd9, Hoxd11 and Hoxd13 probes by Dr D. Duboule and Hoxc6 and Hoxc9 probes by Dr M. Capecchi.
Skeletal preparations
Preparation of skeletons was performed according to a published procedure (Parr and McMahon, 1995) . Brie¯y, 18.5 dpc embryos or newborn mice were skinned, eviscerated, ®xed in ethanol, and stained with alcian blue and alizarin red.
